
1

Wireless Aspects of Telehealth

Aravind Kailas

Georgia Institute of Technology, Atlanta, Georgia

Email: aravindk@ieee.org

Mary Ann Ingram

Georgia Institute of Technology, Atlanta, Georgia

Email: mai@ece.gatech.edu

Abstract

Telehealth is the use of electronic information and communication technology to deliver health and

medical information and services over large and small distances. Broadband wireless services available

today, along with more powerful and convenient handheld devices, will enable a transformational

change in health management and healthcare with the introduction of real-time monitoring and timely

responses to a wide array of patient needs. Further, a network of low-cost sensors and wireless systems

help in creating constantly vigilant and pervasive monitoring capability at home and at work. This

paper addresses recent efforts efforts in this growing field, including standards, system architectures,

propagation models, and lower layer protocols for body area networks. The paper also suggests the use

of cooperative transmission-based strategies for such wireless topologies.

Index Terms

Wireless propagation models, medical telemetry, routing for body area networks, telehealth, wireless

communications, telemedicine, cooperative transmission.

I. INTRODUCTION

Telehealth is a fast-growing inter-discplinary area, in which electronic information and commu-

nication technology is used to deliver health and medical information and services over large and
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small distances. Telehealth includes telemedicine, which offers empowerment, a better quality of

life, and a reduced cost of care for patients with chronic disease, such as cardiovascular disease,

diabetes, chronic respiratory diseases, and cancer, and offers new ways for healthy people to

maintain and improve their health [1]. However, telehealth also includes applications for healthy

people, who want to maintain or improve their health.

A very common form of telemedicine is remote patient monitoring, which today typically

involves a patient going each morning to a fixed terminal in their home, and performing various

measurements, such as blood pressure and heart rate, where the medical devices are connected

by wire to the terminal, which in turn, connects to the internet through standard telephone line,

broadband, or cellular (e.g. [2]). Remote patient monitoring facilitates an improved quality of life

for the patient by enabling the measurements to be made anywhere there is a phone connection,

and by reducing the need for routine trips to the clinic. Some monitoring systems include discrete

medical devices that use Bluetooth or a pager to connect to the home terminal [3]. While

such systems have demonstrated positive outcomes, e.g. in terms of reduced number of trips

to the emergency room [4], wireless monitoring promises further improvements by providing

continuous monitoring, patient mobility, and improving patient compliance with frequent and

better quality measurements. In some cases when the doctor authorizes the patient to see the

measurement results, the availability of feedback to the patient at any time can be very reassuring,

for example, after major surgery [4].

The application of wireless communications is already quite common in hospital and emer-

gency settings [5]. Some examples of medical equipments include heart, blood pressure and

respiration monitors [4] . In addition, emergency medical service companies are, or will be,

important users of telemetry and other wireless technology [5]. Wireless technology is used in

emergency vehicles to enable a paramedic to confer with an emergency physician for an early

assessment before the patients arrival at the hospital [6]. Telemedicine equipment can be as

simple as a cell phone or a laptop computer with two-way videoconferencing capabilities. More

sophisticated vehicles offer mounted video cameras that the hospital emergency physician can

pan and zoom remotely [6].

Remote patient monitoring is one application for the very actively researched body area

networks (BANs) [7]. This paper reviews some of the remote monitoring architectures in use

today as well as some that have been proposed. The paper also reviews the wireless propagation
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models that have been proposed for body networks, and considers what those models imply

about system design. Finally we suggest the use of cooperative transmission for such wireless

network architectures.

II. REMOTE MONITORING ARCHITECTURES

Patient monitoring can be classified into two categories, namely “On-body” monitoring and

“In-body” monitoring. On-body monitoring refers to sensors that are strategically placed on or

near the skin, while the in-body monitoring refers to implanted sensors. Wireless transmission

in both categories is characterized by extremely low peak power and low duty cycle, to extend

the life of the batteries. For implants, low power and duty cycle also enable the body to safely

dissipate the heat generated by the transmission. The transmissions must also be reliable and

not cause excessive interference to other applications in the same band.

Several standards already in use or being considered for use for wireless remote monitoring are

listed in Table I. All the standards except the first have been considered for on-body BANs. The

IEEE 802.15 family of standards address the wireless personal area network (WPAN). The IEEE

802.15.4 physical and link layer standard was initiated to “investigate a low data rate solution with

multi-month to multi-year battery life and very low complexity” and to operate in an unlicensed,

international frequency band [11]. IEEE 802.15.4 underlies Zigbee, a popular open industry

standard that provides high-level functionality concerned with network structure, message routing

and security. IEEE 802.15.4a is an amendment to IEEE 802.15.4, ratified in 2007, that provides an

alternative low-data-rate physical layer; its aim is to provide “communications and high precision

ranging/location capability (1 meter accuracy and better), high aggregate throughput, and ultra

low power; as well as adding scalability to data rates, longer range, and lower power consumption

and cost” [12]. The IEEE 802.15 Task Group 6 (802.15.6) is developing a communication

standard (not shown in Table I) “optimized for low power devices and operation on, in or

around the human body (but not limited to humans) to serve a variety of applications including

medical, consumer electronics personal entertainment and other” [13], however, there is little

information available about this developing standard at the time of this writing.

In 2000, the FCC established the Wireless Medical Telemetry Service (WMTS) [14] [17] [19],

which designates the bands 608-614 MHz, 1395-1400 MHz and 1427-1432 MHz (a total of 16

MHz), for medical telemetry [16]. Land-mobile radios and television are not allowed to operate
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on these frequencies, making this band safe from these sources of RF interference [17].

According to the FCC website, “WMTS equipment may be used only within a health care

facility. The FCC currently does not allow home use of WMTS equipment because of a concern

that temporary use of such equipment at many dispersed locations would make it difficult to

coordinate the operating frequencies, resulting in harmful interference. The FCC has indicated,

however, that it may revisit the issue of home use of WMTS equipment in the future if experience

suggests that home use can be effectively coordinated to avoid interference. The same interference

concerns that led the FCC to exclude WMTS equipment from home-use also led it to prohibit

the use of WMTS equipment in vehicles, including ambulances. It would be difficult to ensure

that WMTS equipment operated in ambulances or other vehicles would not interfere with other

WMTS equipment operating on the same or adjacent frequencies at fixed sites in hospitals and

health care facilities within the area passed by the ambulance” [15].

The WTMS band suffers from several limitations, primarily low bandwidth and adjacent

channel interference [14]. The largest band is only 6 MHz, and the adjacent channel interference

makes it effectively smaller [14]. The two main advantages are (1) support is simplified because

of band exclusivity, and (2) customers are less likely to change because they have to change out

all the equipment [18]. Because of these pros and cons, hospital monitoring vendors are split on

the use of WMTS and 802.11 [18].

Most papers about implanted wireless transmitters assume the medical implant communica-

tions service (MICS) standard, which is defined for the 402-405 MHz band, although there are

exceptions such as [27], which considers IEEE 802.15.4, [26], which considers MICS and the

2.4 GHz band, and [54], which considers MICS, 868 MHz, and 2.4GHz bands.

A. On-body Patient Monitoring

A typical hierarchical architecture for patient monitoring system is shown in Fig. 1 [7]. The

lowest level encompasses a set of wearable or on-body physiological sensors (such as ECG

sensors, tilt sensors, motion sensors, etc.), which together form a BAN; the second level is the

personal server; and the third level encompasses a network of remote health care servers. The

information is relayed from the BAN to a personal server, which could be an internet-enabled

PDA or a 3G cell phone. This personal server acts as the gateway to the internet and provides the

human-computer interface and communicates with the remote server(s). The last hop is to the



5

TABLE I

CURRENT STANDARDS FOR ON-BODY SENSORS AND IMPLANTS IN THE HUMAN BODY

Standard PHY Layer Band of Operation Cited in

MICS [10] 4-FSK/2-FSK 402–405 MHz [26]

IEEE 802.15.4 [22] DSSS, BPSK/DSSS, O-QPSK/CSS 868(Europe)/915(US)/2.4 GHz [27]

IEEE 802.15.4a UWB [23] BPM-BPSK with spreading 250–750 KHz/3.1–5 GHz/6–10.6 GHz [28]

UWB [24] PPM 3.1–10.6 GHz [29]

WMTS [25] IEEE 802.11x-based (e.g. PSK, OFDM) 608–14/1395–1400/1427–32 MHz [30]

IEEE 802.11a/b/g [18] PSK, DSSS, OFDM 2.4 GHz [14]

accessing client, which could be the medical doctors, caregivers, physicians, etc. While phone or

the PDA is a convenient device for connecting to the internet, the main disadvantage is that the

phone or the PDA is a single point of failure, and redundancy is desirable for critical applications

[18].

Fig. 1. Typical generic architecture for remote patient monitoring.

A slightly different architecture, proposed for sleep management, is illustrated in Fig. 2 [32].
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Multiple sensors are connected by wire to a sensor communication module (SCM). There may

be multiple SCMs, each with their respective sensor clusters. The SCMs communicate wirelessly

to a Personal Data Processing Unit (PDPU), which is similar to a PDA. The PDPU synchronizes

and coordinates the data collected by the SCMs using an IEEE 802.15.4 or a ZigBee-compatible

protocol. Finally, the PDPU connects to the internet via WiFi or GPRS [32].

Fig. 2. Biosensor-based management architecture [32].

A biofeedback system for posture correction was introduced in [33]. The system has custom

nodes (denoted by circles in Fig. 3) assembled from the off-the-shelf parts and a custom medium

access control (MAC) protocol. Linear digital modulation techniques such as on-off keying

(OOK) or amplitude shift-keying (ASK) and an operating frequency of in the MICS band has

a maximum data rate of 115 kbps. The gateway is a specialized node that performs signal

processing and organizes data retrieved from the sensor nodes. The gateway node connects to a

PDA via Bluetooth, and user gets audio biofeedback from the PDA via the headphones.

B. Monitoring with Implants

For chronically ill patients requiring frequent updates of health parameters, implanted wire-

less biosensors can provide increased convenience (e.g. no cleaning and re-application), more

mobility, and no embarassment because of visible devices. From a medical viewpoint, implanted

sensors provide more precise measurements and continuous patient compliance [34]. Cardiac

treatment (e.g. pacemakers and implanted cardioverter defibrillators (ICDs)) make up the largest

segment of the implant medical telemetry market [43], however other applications involving
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Fig. 3. Biofeedback system for posture correction [33].

wireless communications with implants include glucose monitoring [44], blood pressure moni-

toring [45], insulin pumps [40], neurostimulation [41], epilepsy control [37], cochlear implant

[42] and intracranial pressure sensor [42].

Early pacemakers and ICDs transmitted at 175 kHz over a few centimeters of range between

the pacemaker device under the collarbone to a reader/programmer held against the skin over

the implanted device [46]. More recent models communicate in the MICs band with a bedside

unit or cellphone [48].

An unusual application of a passive implanted device is the CardioMems pressure sensor [49],

which indicates when a stent graft is leaking by changing how much radio energy it reflects as

a function of the pressure of blood filling the aortic aneurysm sac.

While several researcher groups have simulated wireless networks comprising multiple im-

plants [50], [27], [72], there are no such networks in practice, to the best knowledge of the

authors. One reason why multi-implant networks may not happen very soon is that surgeons do

not like to make multiple incisions, which take more time and increase the patient’s vulnerability

to infection [51].

III. PROPAGATION MODELS

In this section, we highlight some propagation measurements and models from studies of

wireless propagation in BANs. The wireless channels for BANs can be classified into around

the body (“around”), within the body (“in-in”), and from inside to outside of the body (“in-out”)
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channel models. Wireless channels are usually characterized by path loss, which depends only

the distance between the transmitter and receiver, shadowing, which is a random variation in

received power caused by obstructions, and multipath fading, which is a random variation in

received power caused by sometimes constructive and sometimes destructive vector combination

of the electric fields of reflected and refracted paths. Below, we review path loss for the “in-in”

and “around” channels, and some fading and shadowing results for the “in-out” channel.

Fig. 4. Path-loss in dB versus the distance between the on-body source and on-body receiver for different carrier frequencies.

A. Path Loss

In the “around” channel, the strongest component of the energy diffracts around the body,

some reflects from the floor and other objects in the environment, and almost none transmits

through the body [20], [53]. Consequently, in the IEEE 802.15.4a BAN channel model [53],

distance is measured around, and not through, the body. Fig. 4 summarizes the findings by [20]

and [54], for path-loss versus the around-the-body distance, for two frequency bands, 2.45 GHz

and 3-6 GHz. One striking observation is the approximately 30 dB difference in attenuation

between the two bands, with 2.45 GHz having the lower attenuation.

Next, we consider the “in-in” channel. Fig. 5 is a qualitative sketch, based on the simulated

and measured data of [54], of the in-body path loss for the frequencies, 402 MHz, 868 MHz
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Fig. 5. Path-loss in dB versus the node separation (in cm) inside the human body.

and 2.4 GHz. Like the “around” channel, we observe a very strong dependence on frequency.

For example, the attenuation of 402 MHz is about 40 dB less than the attenuation of 868 MHz,

for distances in excess of 10 cm. There is about a 20 dB difference between 868 MHz and 2.45

GHz. Furthermore, comparing Figs. 4 and 5 for 2.45 GHz at 10cm, we can see a huge difference

in attenuation: the “in-in” channel has 100 dB more attenuation than the “around” channel.

Two works that model radio transmission from inside to outside of the body are [26] and [54].

[26] uses computer models exclusively to study the field attenuation several centimeters out from

the body as a function of the thicknesses of the different types of tissue (e.g. fat, muscle), at

402 MHz and 2.45 GHz. [54] uses computer models and measurements to capture similar types

of data for the three bands of 402, 868 and 2400 MHz.

We note that there is a report on BAN propagation that was just presented in December

2008 to the IEEE 802.15 Task Group 6 [71]. That report collects a number of path loss and

shadowing models in a number of bands: at 402 MHz for the Implant-to-Implant (in-in), Implant-

to-Body Surface, and Implant-to-External node (near skin and up to 5 m away) channels; at 13.5

MHz, 5-50 MHz, 400 MHz, 600 MHz, 900 MHz, 2.45 MHz, and 3.1-10.6 MHz for the Body

Surface-to-Body Surface (around) channels; and at 900 MHz, 2.45 MHz, and 3.1-10.6 MHz for

Body Surface to External, for LOS and NLOS. Most of the path loss models in the report are

expressed in terms of the two “slope and intercept” linear fit parameters in dB, and the path
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losses differences at different frequencies are not easy to compare by observing these parameters.

We evaluated the path loss models with shadowing set to zero for the “around” channel at 50mm

distance, and surprisingly found very little variation as a function of frequency: 30.5 dB, 30.8

dB, 25.4 dB, and 32.9 dB for 400 MHz, 600 MHz, 900 MHz, and 2.45 MHz, respectively. These

models were all contributed by the same authors [73]. Because these results are so different from

the ones mentioned earlier by [20] and [54], we conclude that more work is needed in modeling

for this “around” channel.

B. Shadowing and Fading

In typical cellular or wireless LAN scenarios, multipath fading and shadowing have distinct

distance scales. Multipath fading is observed when the receiver is moved on the order of a

half-wavelength, which is only about 6 cm at 2.45 GHz. To observe shadowing, on the other

hand, the receiver must typically move from tens to hundreds of wavelengths, because the sizes

of the obstructions (e.g. buildings or pieces of furniture) are large compared to a wavelength. In

WBANs, however, the two types of random power fluctuation should not be easily distinguished

[53], because the wavelength is relatively long (a half-wavelength is about 0.4 m at 400 MHz

in air) and the body parts that cause shadowing have size on the order of a wavelength.

To ensure a minimum desired link quality when the link has random gain variations, a

transmitter in a conventional point-to-point link must use a power or fade margin, which is

an extra amount of power to ensure that the message can be decoded at the receiver even if the

channel gain drops.

For the MICS band, [26] considers the influence of a patient’s body shape and position on

the radiation pattern at a point approximately 2 m from an implanted radio transmitter, using

computer models. In [55], measurements were made in the 3–6 GHz band for body-worn sensors

and a “close-by” access point (worn on the wrist with a distance of separation on the order of

centimeters). [55] recommends a fade margin of 15 dB to account for signal losses due to change

in antenna positions, while [26] recommends a fade margin between 7 and 14 dB to account for

body size, orientation, and arm movements.
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IV. BODY AREA NETWORK MAC AND ROUTING SCHEMES

Communication between the wireless body area network (WBAN) sensors and the hub or PDA

is an example of the classic “reach-back problem,” in which a cluster of radios communicates

with a distant destination [66]. In general, if every sensor can transmit directly (i.e. in a single

hop) to the hub, then the network can have the star topology, shown for a WBAN in Fig. 6 (a).

However, a single sensor cannot always communicate directly to the hub because of the energy

and power constrained nature of the sensors, and because of the multipath fading and shadowing

discussed above. Multi-hop routing, shown in Fig. 6 (b), is a traditional wireless communication

approach to this problem. Here, the goal is to pass the message to the node that is in the “best”

position (metrics will be discussed below) to transmit to the hub device. An alternative, and

relatively new, physical layer approach is cooperative transmission, in which at least one radio

assists another in the transmission of a single message. Below, we give a brief review of these

approaches.

Fig. 6. (a) Single hop routing, (b) Multi-hop routing, (c) Cooperative routing.



12

A. Single hop

For the star topology, a design challenge is the Medium Access Control (MAC) protocol,

which decides which radio will have access to the hub at any given point in time, in any given

channel. For routine transmissions, the hub under the MICS standard must “Listen Before Talk

(LBT),” “to minimize harmful interference to other equipment or services, reduce the potential

for disturbance to this equipment from ambient sources or other medical device users in the

band and provide a high degree of link reliability in the interest of the patient” [10]. If there is

a emergency “medical implant event,” then a sensor is allowed under MICS to transmit a short

message without LBT [10].

Very recently, researchers have realized that the timing of the routine WBAN sensor reports

is quite predictable, changing only when a new device joins the network or when a previously

networked device leaves the network [69] [70]. Therefore, a scheme such as Carrier Sense

Multiple Access/Collision Avoidance (CSMA/CA), which is used in the 802.11 (“WiFi”) MAC,

wastes energy resolving contention for the channel each time a message is sent. Researchers have

devised ways for the sensors to figure out, among themselves, a Time-Division Multiple Access

(TDMA) protocol, that enables the sensors to make their reports in an orderly and efficient

sequence.

B. Multi-hop

The multi-hop approach routes the message along a sequence of short hops or links to one

node that is in a favorable location to transmit to the hub. Each transmission along the route is

intended only for the next node along the route, and the desired signal for each receiver along the

route is that transmitted by the previous node on the route. This strategy requires less transmit

power compared to the single-hop routing schemes.

Most of the work on routing in the literature today treats large networks comprising more

than 50 nodes, and covering much larger distances (e.g. 100 m), typically requiring many hops

between a source and destination [56]. Therefore, many of these schemes do not apply to the

small WBAN network.

One class of multihop routing algorithms that do apply are the cluster-based algorithms:

LEACH [57], PEGASIS [58], and HIT [59]. In a large network, the cluster-based algorithms

start by partitioning the network into clusters; for WBANs, it is possible that there is only one
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cluster. Within a cluster, LEACH elects a cluster head (CH) that will transmit to the hub; all

other nodes in the cluster transmit to the CH. CHs are re-elected over time so that different

nodes can share the burden of being a CH. PEGASIS also elects a CH, but forms a multi-hop

chain that leads to the CH. As the message is passed along the chain, data fusion (i.e. local data

processing to reduce the number of bits transmitted) takes place. HIT is similar to PEGASIS,

but has multiple routes to the CH. [21] proposes rotation of the CH to avoid tissue heating.

Braem et al [60] carefully craft a tree-spanning protocol for the WBAN that also includes

the MAC function, with emphasis on delay. [60] assumes levels, parents, and children are all

determined beforehand and that a node’s range includes only its parent, its children and nearby

siblings. The protocol is distributed; a node computes its “WASP scheme,” or MAC schedule,

based on its parents WASP scheme and on the demands of its siblings and children.

Ren et al. [61] take a formal optimization approach to jointly optimize MAC and congestion

control. The metrics considered are latency, throughput, fairness and energy efficiency. [62] and

[63] also propose an additional metric based on bioeffects (body heating).

C. Cooperative Transmission for Body Area Networks

Cooperative transmission (CT) is another approach to the reach-back problem. CT differs

from conventional multi-hop in that a receiver combines versions of the same message from

multiple transmitters [64], [65]. When two or more nodes transmit the same message to a given

receiver (i.e. several links converge on a common receiver), through orthogonal channels that

fade independently, the benefit is realized because there is a much smaller chance that all the

links fade at the same time; therefore, the fade margin can be reduced while still maintaining

the same packet error rate. The amount of power reduction is called the diversity gain.

To get the diversity gain from cooperative transmission, the cooperating nodes, which would

be the skin patch sensor nodes or implanted sensor nodes, must have sufficient separation in

space to ensure that their links to the hub have uncorrelated fading. For indoor scenarios, because

of the rich scattering, a separation of only a half wavelength of the carrier (e.g. 6 cm at 2.4 GHz,

the WiFi frequency) should be sufficient for skin-patch nodes [68]. The same separation is also

good for in outdoor pico-cellular and micro-cellular environments, where there are lots of walls

and objects in the environment [68]. To the best knowledge of the authors, no measurements have

been performed to determine the required separation of implanted sensors to ensure uncorrelated
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fading to the hub device.

There are many different variations on cooperative transmission. The variations may be dis-

tinguished by the amount of network overhead they require. At the high end of overhead, it is

assumed that transmitters have perfect prior knowledge of the channel gains of all wireless links

as the basis for an optimal power allocation for cooperation [64], [65]. If the channel gains are

static or very slowly varying, then the channel gain information does not have to be refreshed

very often. However, if the channel is changing because of user movement or movement in

the environment, then channel gain information has to be refreshed frequently. At the opposite

extreme, the Opportunistic Large Array (OLA) approach of [66] requires no network overhead,

but of course, does not save as much energy. In an OLA, nodes behave without coordination

between each other, but they naturally fire at approximately the same time in response to energy

received from a single source or another OLA [66]. All the transmissions within an OLA

are repeats of the same waveform, therefore the signal received from an OLA has the same

model as a multipath channel. Small time offsets (because of different propagation delays) and

small frequency offsets (because each node has a slightly different oscillator frequency) are

like excess delays and Doppler shifts, respectively. As long as the receiver, such as a RAKE

receiver, can tolerate the effective delay and Doppler spreads of the received signal and extract

the diversity, decoding can proceed normally. Even though several nodes may participate in

an OLA transmission, energy can still be saved because all nodes can reduce their transmit

powers dramatically and large fade margins are not needed. Furthermore, the array gain (i.e. the

simple summing of average transmit powers of the cooperators) in an OLA transmission offers

a convenient way to reduce the per-node transmit power, which in turn, reduces heating effects

in implants. It is noted that carrier sensing must be disabled for an OLA transmission, or else

the OLA participants that provide the spatial diversity are suppressed.

V. CONCLUSIONS

The Telehealth field is currently an extremely active research area. The research includes

propagation channel measurements and modeling, physical, link, and network layer protocol

development, and the creation of new applications for healthy and sick people. An IEEE Task

Group is working on a new ultra-low power body area network (BAN) standard, which will

enable more applications. Earlier propagation models show strong frequency band dependence,
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but a recent report seems to indicate the opposite, implying that more work needs to be done.

New MAC protocols and cooperative transmission techniques aim to increase reliability and

reduce energy consumption. The engineers computer scientists are clearly intrigued by the topic;

however, more communication between engineers and doctors will be necessary before BANs,

and particularly implanted BANs, can become practical.
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[38] H. Brümmer and O. Günnewig, “Failure and Damage Analysis of Medical Devices - Investigations on Active and Passive

Implants,” SGS Life Science Services, 2008.

[39] M. Mojarradi et al., “A Miniaturized Neuroprosthesis Suitable for Implantation Into the Brain,” IEEE Trans. Neural Syst.

Rehabil. Eng., vol. 11, no. 1, Mar. 2003.

[40] http://www.minimed.com

[41] Thomas Buchegger et al., “Ultra-Wideband Transceivers for Cochlear Implants,” EURASIP Journal on Applied Signal

Processing, 2005.

[42] Diana Hodgins et al, “Healthy Aims: Developing New Medical Implants and Diagnostic Equipment,”Pervasive Computing,

2008.

[43] D. Panescu, “MEMS in medicine and biology,” IEEE Eng. Med. Biol. Mag., vol. 25, no. 5, pp. 19–28, Sep.-Oct. 2006.

[44] http://www.dexcom.com/230-seven-system-tutorial.aspx



17

[45] H. Fassbender et al., “Fully Implantable Blood Pressure Sensor for Hypertonic Patients,” IEEE SENSORS Conference,

2008.

[46] D. Halperin, “Pacemakers and Implantable Cardiac Defibrillators: Software Radio Attacks and Zero-Power Defenses,”

IEEE Symposium on Security and Privacy, 2008 .

[47] Zito et al., “Feasibility Study and Design of a Wearable System-on-a-Chip Pulse Radar for Contactless Cardiopulmonary

Monitoring” Intern. Journal of Telemedicine and Applications, 2008.

[48] http://www.medtronic.com/physician/crm programmers/

[49] http://www.cardiomems.com

[50] S. -L. Chen et al., “A Wireless Body Sensor Network System for Healthcare Monitoring Application,” IEEE Biomedical

Circuits and Systems Conference (BIOCAS), pp. 243–46, Nov. 2007.

[51] Personal conversation with practicing heart surgeon and professor, Dr. Egon Toft, of Aalborg University, Aalborg, Denmark,

2008.

[52] A. Molisch et al, “A Comprehensive Standardized Model for Ultrawideband Propagation Channels,” IEEE Trans. Antennas

and Propagation, vol. 54, no. 11, Nov. 2006.

[53] A. Fort et al, “Ultra-Wideband Channel Model for Communication Around the Human Body,” IEEE J. Select. Areas

Commun., vol. 24, no. 4, Apr. 2006.

[54] A. Alomainy et al, “Modelling and Characterisation of Radio Propagation from Implants at Different Frequencies,” Proc.

9th European Conference on Wireless Technology, 2006.

[55] I. Z. Kovacs, G. F. Pedersen, P. C. F. Eggers, and K. Olesen, “Ultra Wideband Radio Propagation inBody Area Network

Scenarios,” Proc. of the ISSSTA, 2004.

[56] C. K. Toh, “Maximum battery life routing to support ubiquitous mobile computing,” IEEE Comm. Magazine, pp. 138–47,

Jun. 2001.

[57] W. Heinzelman, A. Chandrakasan, and H. Balakrishnan, “Energy-Efficient Communication Protocols for Wireless

Microsensor Networks,” Proc. Hawaaian Int’l Conf. on Systems Science, Jan. 2000.

[58] S. Lindsey and C. S. Raghavendra, “PEGASIS: Power-efficient gathering in sensor information systems,” Proc. IEEE

Aerospace Conference, 2002.

[59] Moh et al, “On Data Gathering Protocols for In-body Biomedical Sensor Networks,” Proc. IEEE GLOBECOM, 2005.

[60] Braem et al, “The Wireless Autonomous Spanning Tree Protocol for Multihop Wireless Body Area Networks,” Proc. Third

Annual International Conference on Mobile and Ubiquitous Systems: Networking & Services, Jul. 2006.

[61] H. Ren, M. Meng, and X. Chen, “Cross-layer Optimization Schemes for Wireless Biosensor Networks,” Proc. 6th World

Congress on Intelligent Control and Automation, 2006.

[62] H. Ren, M. Meng, and X. Chen, “Developing a Bioeffect Metric for Wireless Biomedical Sensor Networks,” The Sixth

World Congress on Intelligent Control and Automation (WCICA), 2006.

[63] H. Ren and Q.-H. M. Max, “Bioeffects Control in Wireless Biomedical Sensor Networks,” Proc. SECON, 2006.

[64] A. Sendonaris, E. Erkip, and B. Aazhang,“User Cooperation – part i: System Description, part ii: Implementation Aspects

and Performance Analysis,” IEEE Trans. Commun., vol. 51, no. 11, pp. 1927–48, Nov. 2003.

[65] J. N. Laneman, D. Tse, and G. W. Wornell,“Cooperative Diversitry in Wireless Networks: Efficient Protocols and Outage

Behaviour,” IEEE Trans. Inf. Theory, vol. 50, no. 12, pp. 3063–80, Dec. 2004.

[66] Y. W. Hong and A. Scaglione, “Energy-Efficient Broadcasting with Cooperative Transmissions in wireless Sensor

Networks,” IEEE Trans. Wireless Commun., vol. 5, no. 10, pp. 2844–55, Oct. 2006.



18

[67] A. Kailas and M. A. Ingram, “Transmit Diversity for Long-term Body Implants,” Proc. 11th International Symposium on

Wireless Personal Multimedia Communications (WPMC), Sep. 8-11, 2008.

[68] T. S. Rappaport, Wireless Communications 2nd Edition, Prentice Hall, 2002.

[69] S. Støa, I. Balasingham, “A Decentralized MAC Layer Protocol with Periodic Channel Access for Biomedical Sensor

Networks,” First International Symposium on Applied Sciences in Biomedical and Communication Technologies (ISABEL

2008), Aalborg, Denmark, 2008.

[70] R. Pagliari, Y.-W. P. Hong, A. Scaglione, “Pulse coupled oscillators primitives for collision-free multiple access with

application to body area networks,” First International Symposium on Applied Sciences in Biomedical and Communication

Technologies (ISABEL 2008), Aalborg, Denmark, 2008.

[71] https://mentor.ieee.org/802.15/file/08/15-08-0780-04-0006-tg6-channel-model.pdf

[72] V. Shankar, A. Natarajan, S. K. S. Gupta, and L. Schwiebert, “Energy-Efficient Protocols for Wireless Communication in

Biosensor Networks,” 2001.

[73] T. Aoyagi et al, “Channel model for wearable and implantable WBANs,” IEEE 802.15-08-0416-04-0006, Nov. 2008.


